The stability of monofunctional vs. trifunctional C18 chromatographic phases bonded to silica on exposure to aqueous trifluoroacetic acid by Leister, William H.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1992
The stability of monofunctional vs. trifunctional
C18 chromatographic phases bonded to silica on
exposure to aqueous trifluoroacetic acid
William H. Leister
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Leister, William H., "The stability of monofunctional vs. trifunctional C18 chromatographic phases bonded to silica on exposure to
aqueous trifluoroacetic acid" (1992). Theses and Dissertations. Paper 80.
AUTHOR:
Leister, William H.
TITLE:
The Stability of
Monofunctional vs.
Trifunctional C18 Chroma-
tographic Phases Bonded
To Silica On Exposure To
Aqueous Trifluoroacetic Acid
DATE: May 31,1992
THE STABILITY OF
MONOFUNCTIONAL VS.
TRIFUNCTIONAL C18
CHROMATOGRAPHIC PHASES
BONDED TO SILICA ON
EXPOSURE TO AQUEOUS
TRIFLUOROACETIC ACID
by
William H. Leister
A Dissertation
Presented to the Graduate and Research Committee
of Lehigh University
in Candidacy for the Degree of
Master of Science
in
Chemistry
Lehigh University
May 1992

ACKNOWLEDGEMENTS
\
I would like to thank all of those people who, over the past several years, have
helped me obtain my masters degree. My advisor, Dr. Roberts, who ha~
guided me throughout my education at Lehigh University, my Masters
Committee (Dr. Ferguson, Dr. Henry, and Dr. Roberts) for their helpful
comments on my thesis, Dr. Crane and Dr. Henry for their interesting
discussions on bonded phase technology, Joe Mladosich for his skillful
assistance in the synthesis of both bonded phases, Melba Rupell and Christine
Faller for their carbon and hydrogen analysis results, Jim Bonn for the DC arc
analysis, and Denise Kern for preparation of this manuscript. I would also like
to thank J.T.Baker Inc. for its financial support.
iii
TABLE OF CONTENTS
Page
Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Introduction 2
Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Discussion
Conclusion
71
90
Bibliography 93
Vita 96
LIST OF TABLES
Table 1
Table 2
Table 3
Table 4
Table 5
Table 6
Table 7
Physical Data on the Silica Gel Used to Prepare Both
MC18 and TC18 .
Carbon Values for MC18 and TC18 Both Before and After
Endcapping .
Changes in the 29Si Spectra of MC18 Following
Derivatization and Endcapping of Silica Gel . . . . . . . . . . . .
29Si Spectra of MC18 After Exposure for 12 Hours to Mobile
Phases at 30°C and 50°C with 0.0% TFA, 0.25% TFA, and
0.5% TFA " .
Changes in the 29Si Spectra of MC18 as a Result of
Isocratic and Gradient Elution Conditions .
Changes in the 29Si Spectra of TC18 Following
Derivatization and Endcapping of Silica Gel . . . . . . . . . . . .
29Si Spectra of TC18 After Exposure for 100 Hours to
Mobile Phases at 30°C and 50°C with 0.0% TFA, 0.25%
TFA, and 0.5% TFA. .
iv
20
21
27
29
32
34
37
Table 8 29Si Spectra of TC18 Comparing TC18 to the Same Material
Degraded by Exposure to 0.5% TFA at 50°C for 100 Hours 38
Table 9 Changes in the 13C Spectra of TC18 Following Endcapping 43
Table 10 13C Spectra of TC18 After Exposure for 100 Hours to Mobile
Phases at 30°C and 50°C with 0.0% TFA, 0.25% TFA, and -
0.5% TFA. 45
Table 11 13C Spectra of TC18 and the Same Material After 100
Hours of Isocratic and Gradient Elution. 47
Table 12 Summary Table of 13C Data for MC18 . . . . . . . . . . . . . . . . 48
LIST OF FIGURES
Figure 1 29Si Peak Assignments for Detectable Species on Silica Gel
After Derivatization With Monochlorosilane, Dichlorosilane,
and Trichlorosilane 8
Figure 2 Chemical Structures of the Four Test Probes Used in the
HPLC Analysis 15
Figure 3 The 29Si Spectrum of the Silica Gel Used to Prepare Both
MCt8 and TC18 23
Figure 4 29Si Spectra of Silica Gel Prior to and After Exposure for 100
Hours to a Mobile Phase with 0.5% TFA at 50°C. . . . . . . . 24 .
Figure 5 Changes in the 29Si Spectra of MC18 Following
Derivatization and Endcapping of Silica Gel. 26
Figure 6 29Si Spectra of MC18 After Exposure for 12 Hours to Mobile
Phases at 30°C and 50°C With 0.0% TFA, 0.25% TFA, and
0.5% TFA. 28
Figure 7 29Si Spectra of MC18 Following Exposure to Isocratic and
Gradient Mobile Phase Conditions 31
Figure 8 Changes in the 29Si Spectra of TC18 Following
Derivatization and Endcapping of Silica Gel . . . . . . . . . . . . 33
v
Figure 9 29Si Spectra of TC18 After Exposure for 100 Hours to
Mobile Phases at 30°C and 50°C With 0.0% TFA, 0.25%
TFA, and 0.5% TFA . ... . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Figure 10 29Si Spectra of TC18 Comp~r:ing TC18 to the Same Material
Degraded by Exposure to Mobile Phases Containing 0.5%
TFA at 50°C for 100 Hours ; 39
Figure 11 13C Spectra of MC18 Before and After Endcapping 40
Figure 12 13C Spectra of TC18 Before and After Endcapping . . . . . . . 41
Figure 13 13C Spectra of TC18 After Exposure for 100 Hours to Mobile
Phases at 30°C and 50°C With 0.0% TFA, 0.25% TFA, and
0.5% TFA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Figure 14 13C Spectra of TC18 and the Same Material After 100 Hours
of Isocratic and Gradient Elution . " . . . . . . . . . . . . . . . : . 46
Figure 15 k' Values for Test Probes on TC18 After 100 Hours of
Exposure to Mobile Phases at 30°C and 50°C With 0.0%
TFA and 0.5% TFA 51
Figure 16 Retention Times of Test Probes on TC18 With an Acidic
Mobile Phase (0.5% TFA) at 50°C 52
Figure 17 Test Probe Elution Pattern on TC18 After 100 Hours of
Exposure to Mobile Phases at 50°C With 0.0% TFA, 0.25%
TFA, and 0.5% TFA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Figure 18 k' Values for Test Probes on MC18 After Exposure to
Mobile Phases Containing 0.0% TFA, 0.25% TFA, and 0.5%
TFA at 30°C and 50°C. . . . . . . . . . . . . . . . . . . . . . . . . . 54
Figure 19 Peak Profiles on MC18 After One, Four and Eight Hours of
Exposure to Mobile Phases Containing 0.25% TFA at 50°C 55
Figure 20 Retention Times of the Four Test Probes on MC18 With an
Acidic Mobile Phase (0.5% TFA) at 50°C 56
Figure 21 The Entire HPLC Chromatogram of MC18 After Four Hours
of Exposure to a Mobile Phase Containing 0.5% TFA
at 50°C 57
vi
Figure 22 Elution Profile on MC18 After Eight Hours of Exposure to
Mobile Phases at 50°C With 0.0% TFA, 0.25% TFA, and
0.5% TFA . . . . .. . . . . 58
Figure 23 k' Values of the Test Probes on TC18 After Exposure for
100 Hours to Mobile Phases Containing 0.25% TFA and
0.5% TFA at 30°C and 50°C . . . . . . . . . . . . . . . . . . . . . .. 60
Figure 24 k' Values of the Test Probes on MC18 After Exposure for
Eight Hours to Mobile Phases Containing 0.25% TFA and
0.5% TFA at 30°C and 50°C. . . . . . . . . . . . . . . . . . . . . . 61
Figure 25 k' Values for the Test Probes on MC18 and Also on
UnendcappedMC18. 62
Figure 26 The HPLC Chromatogram of the Test Probes on Endcapped
and Unendcapped MC18 After One and Three Hours of
Exposure to a Mobile Phase Containing 0.5% TFA at 50°0 63
Figure 27 Typical GC Chromatogram of the Concentrated Eluate From
the TC18 HPLC Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . 65
Figure 28 Typical GC Chromatogram of the MC18 Eluate After
Exposure to an Acidic Mobile Phase and Also the GC
Chromatogram of Chlorodimethyloctadecylsilane . . . . . . . . 66
Figure 29 GC Chromatogram of Several Precipitates Formed in the
Eluate of the HPLC Analysis of MC18 . . . . . . . . . . . . . . . . 67
Figure 30 Proton Spectrum of the Chlorodimethyloctadecylsilane
Used in the Synthesis of MC18 69
Figure 31 Proton Spectra of the HPLC Precipitate from MC18..'. . . . . 70
Figure 32 Comparison of k' Values for the Four Test Probes on TC18
and MC18 (0.5% TFA, 50°C) . ~_. . . . . . . . . . . . . . . . . . . . 80
"
vii
ABSTRACT
We have investigated the degradation of C18 bonded·phases as a
function of the type of silane used in the synthesis (monochlorosilane versus
trichlorosilane), temperature (30°C, 50°C) and acid concentration (0.0%;
0.25%, 0.5% trifluoroacetic acid). Chromatographic changes in the bonded
phase surface were monitored with HPLC by injection of four test probes each
hour. The loss of ligand was determined by the change in carbon level which
was correlated to solid state NMR (both 13C and 29Si). The eluate from the
HPLC analysis was analyzed by a variety of techniques including gas
chromatography, solution NMR CH and 13C), and DC arc spectroscopy.
Monofunctional C18 was found to be very unstable, leaching ligand in the
presence of an acidic mobile phase. The rate of ligand loss was accelerated by
increasing the temperature of the mobile phase. Trifunctional C18 was very
stable even under extreme (0.5% TFA) conditions, with increased temperature
(50°C) not affecting stability. The solvent composition and elution techniques
also affected ligand stability. While ligand hydrolysis occurs in mobile phases
containing small amounts of organic solvent, elution of the hydrolyzed ligand
occurs only in a mobile phase rich in organic solvent. Because of this, isocratic
elution was found to cause more rapid degradation of C18 bonded phases than
gradient elution when the same solvent composition was used.
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I. INTRODUCTION
In 1903, Mikhail Tswett performed the first chromatographic separation. 1
He separated plant pigments by adsorption chromatography, using calcium
carbonate as a stationary phase and petroleum ether as a mobile phase; In the
next fifty years, the number of available sorbents for column chromatography
did not change very much. Normal phase sorbents such as silica, kieselguhr,
and florisil were used extensively for separation of polar compounds from non-
polar solvents. This lack of sorbent selection limited the versatility of the
technique.
The binding of an organochlorosilane to a silica support was first studied
by Kohlschuetter2 et aI., Stober3, and Wartmann and Deuel4. This type of
bonding allowed for the creation of a wide variety of surface chemistries.
Since the introduction of these bonded phases, their use and availability
have increased dramatically. The early bonded phases were not very well
characterized. It was not uncommon for sample retention times to vary greatly
when a new lot of bonded phase was used. One of the main factors
contributing to their lack of reproducibility was that the key parameters of
bonded phase synthesis were not well known and understood. The
performance of a bonded phase was usually demonstrated by evaluating simple
test probes. 5 Selection of the proper test probes is an important factor in
obtaining information about the surface of the bonded phase. The retention
time or peak shape of a good probe will change when the surface of the
"\
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bonded phase changes. Poor probe selection will give little or no information
on changes in the bonded phase surface. Better techniques were needed to
characterize bonded phases in order to increase their reproducibility.
By far, the most commonly used chromatographic resins are the. reverse
phases. These reverse phase sorbents, include ethyl (C2), butyl (C4) , phenyl
(0 ), cyclohexyl ( 0 ), octyl (Cs), and octadecyl(C,s). The octadecyl
bonded phase accounts for the majority of all separations performed. Reverse
phase sorbents have been incorporated into a variety of configurations
including thin layer chromatography, solid phase extraction, and analytical and
preparative columns. The versatility of this phase is further enhanced by the
use of acidic mobile phase modifiers (e.g., trifJuoroacetic acid). The dilute acid
provides a counter ion for acidic sites or to protonate basic sites. In both
cases, the acid can minimize possible secondary (polar) interactions between
the analyte and surface silano/s. This is especially important for biological
samples.6 Many peptides and proteins are routinely analyzed using reverse
phase packings with mobile phases containing TFA. Without the addition of
acid, many biological compounds would become irreversibly bound to this
sorbent. Hence, any effect these acids have on the stability of the bonded
phase is an important characteristic of that sorbent.
To have wide applicability, a bonded phase must be reproducible. At the
microscopic level, reproducibility can be defined as achieving a constant
proportion of reaction products to surface area in the final bonded phase. To a
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chromatographer, reproducibility of a bonded phase is defined as achieving
consistent adsorption/desorption properties for each analyte on that bonded
phase. Manufacturers of bonded phases go to great lengths to ensure this
reproducibility. While for the most part they are successful" great differences
exist from manufacturer to manufacturer for a given bonded phase. These
differences are a result of either the conditions or the materials of synthesis and
can result in changes in peak selectivity, symmetry, and recovery. There are
many factors which can contribute to these changes. A change in the number
of ligands per unit area (ligand density) can cause changes in chromatography.
Also, the degree of silane attachment to the surface (1, 2, or 3 bonds) and
residual silanols after this attachment can change bonded phase performance.
These combined factors are all incorporated into the final analyte/sorbent
interaction.
The factors mentioned in the previous paragraph are important in
achieving a reproducible chromatographic separation. However, after the first
injection, the most important variable in bonded phase reproducibility is stability
of the phase. In normal use, a number of reverse phase packings have shown
changes in performance over time. 7 The degradation can be caused by a
variety of possible factors including dissolution of the underlying silica, opening
of siloxane bonds to produce a new pair of silanols, hydrolysis of the ligand, or
the irreversible binding of foreign (organic or inorganic) matter.
This paper investigates how this degradation occurs as a function of the
4
type of silane used in the synthesis (monochlorosilane versus trichlorosilane),
temperature (30°C, 50°C) and acid concentration (0.0%,0.25%,0.5%
trifluoroacetic acid). Changes in the surface of the bonded phases were
monitored by injection of four test probes every hour with acetonitrile/water
gradient elution at a flow rate of 2 mL/min. The loss of ligand was determined
by the change in carbon level which was correlated with solid state NMR
spectra (both 13C and 29Si). The eluate from the HPLC analysis was analyzed
by a variety of techniques including gas-chromatography, solution NMR eHand
13C), and DC arc spectroscopy.
Any discussion on the stability of a bonded phase must begin by
examining the support to which the organic ligand will be attached. The
preferred support material for bonded phases is silica. Silica has many
favorable characteristics: Silica is highly porous with a large surface area. This
high surface area gives a bonded silica high analyte capacity due to the
increased frequency of analyte/surface interactions. The manufacturing of silica
can be precisely controlled to give narrow particle and pore size distributions.
In addition, the magnitude of these narrow distributions can be selectively
changed, yielding great flexibility in choosing the proper silica for a particular
application. Another advantage of silica is that it is very reactive which lends
itself to modification. Silica is made up of varying amounts of four surface
groups including single silanols, vicinal silanols, geminal silanols, and siloxane
bridges.8
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There has been discussion in the Iiteratur~ as to the reactivity and acidity
of the three species of silanols.7• 8 The characteristics of the silanols are
important in both the ligand bonding process and with respect to the final
bonded phase. It has been estimated that of all the silanols present on
unbound silica, over 30% are still present even after the most rigorou·s
bonding. 7 While most of these residual silanols are sterically hindered, it is still
possible for a portion of this population to affect chromatography. This effect is
often pronounced during chromatography of basic compounds. Acidic silanols
interacting with basic compounds can cause peak deformity and strong, even
irreversible, adsorption. The magnitude of the effect which residual silanols
have in a bonded phase is largely a function of the nature and distribution of
the attached organic ligand.
The proximity of neighboring organic ligands can be measured by ligand
density. Ugand density is defined as the number of a particular ligand or
Ugand Density = 103-%C1.2-carbon atoms per chain length-surface area(1)
functional group per unit area of bonded sorbent surface.9 For instance, for a
given unit area of surface there is a finite number of reactive sites (silanols).
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Upon functionalization, the number of these sites decrease but will not be
eliminated. Since reproducibility is a function of all surface species, a consistent
ligand density is essential for bonded phase reproducibility.
The organic ligand is normally attached to the silica support by the
following reaction scheme9:
Si - OH + SiRX -+ Si - 0 - SiR + HX (2)
where R is an alkyl ligand and X is a reactive group such as methoxy, ethoxy,
or a halide. This type of reaction creates a siloxane bond-between the silane
and the silica support. The number of bonds formed between the silane and
the silica will vary depending upon the silane used (Fig. 1). There are two types
of silanes used which give either a single (monomeric) or multiple (polymeric)
attachment.
The reaction of a monofunctional silane with silica leads to a monolayer
coating on the silica. This type of bonding has the advantage of being very
reproducible, and many commercially available bonded phases are prepared by
this type of reaction. However, their widespread use is more likely the result of
the ease of preparation rather than ideal chromatographic performance.10
Monomeric packings are often unstable. The ligand tends to hydrolyze even
under mildly acidic or basic conditions. In addition, many residual silanols can
remain even after extensive bonding. These residual silanols, or the new
silanols created upon ligand hydrolysis, can lead to poor column performance.
An alternative to monomeric bonding is polymeric bonding (Fig. 1). Both
7
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Rgure 1 - Detectable species on silica gel after derivatization with
monochlorosilane (M), dichlorosilane (D), and trichlorosilane (T), R = n-alkyl,
R' = CH3, 0 4 , T3, and T41 are polymerized along the surface and 0\, T'3, and
T' 4 are groups where polymerization perpendicular to the surface has occurred.
(Copied from reference 12).
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di- and tri-functional silanes have been used to produce 'true' polymeric bonded
-'I
phases. This point will be discussed shortly. Only trifunctional silanes were
used for this work. Polymeric phases have the advantage of a horizontal and
vertical polymerization. This type of bonding can 'coat' the silica minimizing the
effect of residual silanols. The binding of the ligand via multiple attachment has
also been shown to be very stable.11 A concern during the synthesis of
polymeric bonded phases has been layer reproducibility. However,
reproducibility of polymeric phases has improved to the point of being
comparable to that of monomeric phases. 1o
A 'true' polymeric bonded phase is achieved by using a multifunctional
silane and synthesis conditions which produce polymerization and multiple
attachments to the silica surface. It has been shown that by adjusting the
experimental conditions (exclusion of water with an inert atmosphere12), a
polymeric silane can produce a monomeric-like bonded phase. Water, in fact,
is crucial in producing a true polymeric phase.13. 14 Water accelerates the
crosslinking between the ligand and the surface and/or adjacent ligands giving
polymeric bonded phases their increased stability. Sander and Wise have
developed a test to give a quantitative measure of 'polymericity' based on the
selectivity of PAH's.13 The elution order of their set of PAH's will change
retention as a function of the silane/silica attachment of the bonded phase.
The trifunctional bonded phase synthesized for this work is classified as a
polymeric-like C18.
9
The stability of an attached ligand is dependent upon the length of the R
group.20 Shorter alkyl chains (propyl, butyl) tend to be less stable than longer
alkyl chains (octadecyl). Therefore, the endcapping groups which have a very
short chain length (methyl) to reduce steric hindrance, are the least stable
ligand attachment.
There are a number of techniques available to characterize bonded
phases and their degradation. One of the most meaningful tests to the
chromatographer is performance evaluation -by HPLC. There have been many
HPLC studies to evaluate selectivity of bonded phases under both very
mild7.15.16 and aggressive11 . 17-22 conditions. However, very few of these studies
have used an aggressive mobile phase in a dynamic mode.17. 18 For economic
reasons, in most studies the mobile phase was recirculated under isocratic
conditions.11.15.19-22 Recirculating mobile phase can give, at best, minimal
information on bonded phase degradation.19 Isocratic conditions also do not
reflect typical chromatographic use of HPLC columns over their lifetime. The
drawback to HPLC analysis alone is that analyte retention is a secondary effect
of several complex analyte/sorbent interactions. To investigate the source of
these secondary effects, several other techniques have been used, including
FTIR7. 15. 23 and solid state NMR."· 12, 15, 19, 20, 22-31 29Si solid state NMR in
particular can give valuable information on the ligand attachment at the surface.
Extensive work has been done by Bayer et aI.,12,19.25.31.32 on peak
assignment.
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In our work two C18 bonded phases were prepared, one monomeric and
one polymeric. Both phases were endcapped with chlorotrimethylsilane and
subjected to an accelerated aging process to expedite degradation. Each
phase was subjected to an aggressive mobile phase and its properties
monitored as a function of TFA concentration (0.0%, 0.25%, 0.5%) and
temperature (30°C, 50 0 C) over a long period of time (> 100 hrs). The
changes in chromatographic performance were correlated with the change in
carbon level and differences in the intensity of spectra obtained by both 29Si
and 13C solid state NMR. Hydrolysis products of bonded phase degradation
were analyzed by GC and solution NMR.
II. EXPERIMENTAL
A. Materials
All solvents, acids, silica, and uracil (a test probe) were obtained from
J.T.Baker Inc. All solvents used in the HPLC analysis were HPLC grade and
used as received. The three remaining test probes (pentyl phenyl ketone,
benzo(a)pyrene, and diphenhydramineeHCI) were obtained from Aldrich
Chemical Co., Inc. The trichlorooctadecylsilane, chlorodimethyloctadecylsilane,
and chlorotrimethylsilane were obtained from HGls America, Inc.
B. Synthesis of Bonded Phases
The trifuncitonal C18 bonded phase, obtained from J.T.Baker, was from
a lot selected at random. To evaluate the performance of our monofunctional
C18 phase, it was compared to two commercially available C18 phases (Waters
11
Inc. PIN 51910 and Supelco PIN 5-7055) produced by monofunctional
synthesis. All three phases were analyzed under the aggressive mobile phase
conditions (0.5% TFA, 50 0 C). The two commercially available bonded phases
deteriorated more rapidly, losing carbon much more quickly, than did our
monofunctional C18 bonded phase. This comparison was used to confirm the
suitability of our experimental monofunctional C18 for further analysis.
The monofunctional and trifunctional bonded phases were prepared
under identical conditions. 500 mL Toluene, 100 g silica, and 10 mL methanol
were added to a 1 L flask. The mixture was stirred at 80 RPM and heated to
30.0°C under atmospheric conditions. 0.1 mole silane was added, and the
mixture stirred for two hours. The excess solvent was decanted and the
bonded phase washed with an additional 200 mL toluene, followed by 3 x 200
mL washes with methanol. The bonded phase was cured for four hours at 80
to 85DC in an oven. The cured bonded phase was allowed to cool to room
temperature. Endcapping was accomplished by mixing 100 9 of this material
with 350 g Toluene and stirring at 80 rpm. 22.5 9 trimethylchlorosilane was
added, and the mixture stirred for 2.5 hours. The excess solvent was decanted
and washed with 3 X 200 mL methanol. The bonded phase was dried in an
oven at 80 to 85°C for 6 hours.
C. Instrumentation
1. CP-MASS NMR
Solid State 29Si and 13C NMR spectra were obtained on a General
12
Electric (model GN-300) 300 MHz FT-NMR at 59.62 MHz and 75.47 MHz
respectively. The cross polarization sequence utilized has been described
elsewhere.31 Samples (170 mg to 230 mg) were packed into 7 mm single
crystal sapphire rotors with Kel-F endcaps and spun at approximately 5.0 KHz.
Contact times of 5 ms and 1.25 S relaxation delays were used. For 29Si, from
8000 to 30,000 FlO's were accumulated depending upon the bonded phase,
carbon level and instrument availability. 29Si spectra were referenced to
hexamethylcyclotrisiloxane at 9.00 ppm. 1 K data points were collected and
zero filled once to 2 K; an exponential line broadening equivalent to 20 Hz was
applied before Fourier transformation. For 13C, 8000 FID's were accumulated in
2 K data points and zero filled twice to 8 K with an exponential line broadening
equivalent to 20 Hz applied before fourier transformation. 13C spectra were
referenced to adamantane at 38.453 ppm.
2. Solution NMR
Both 13C and 1H solution NMR spectra were obtained on a Bruker
(model ACE-300) 300 MHz FT-NMR at a frequency of 75.47 MHz and 300.13
MHz respectively. Dilute samples were prepared in deuterochloroform
(J.T.Baker Product No. E909) and refer~nced to TMS, except where noted.
Typically, 1024 ~lnd 16 FID's for 13C and 1H respectively, were collected.
3. HPLC
The bulk bonded phase (3.2 g) was slurried in an 85/15 mixture of
chloroform/iso-propyl alcohol and sonicated for two minutes. The slurry was
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stirred with a glass rod and immediately poured into the reservoir of the column
packer (Haskel pump model 16501) and packed into a 4.6 x 250 mm stainless
steel column (J.T.Baker Inc.) at 2,500 psi for one minute. After a two minute
equilibration time, the column end fitting was re-attached. To displace the
packing solvent, acetonitrile was pumped through the column for 30 minutes at
2.0 mL/min immediately after packing.
To evaluate column performance over time, a dilute solution of four test
probes (uracil, diphenhydramine-HCI, pentyl phenyl ketone, and benzo(a)pyrene
(Fig. 2» were injected each hour under gadient elution conditions and their
retention times recorded. The step gradient used is as follows:
Time (Minutes) %A %8 Flow
0.0 - 6.49 72 28 2 mL/min
6.50 - 15.99 85 15 2 mL/min
16.0 - 25.99 100 0 2 mL/min
26.0 - 49.99 0 100 2 mL/min
50.0 - 59.99 72 28 2 mL/min
Where A = acetonitrile and 8 = HPLC grade water, each containing
0.0%, 0.25%, or 0.5% TFA. At 59.99 the program looped back to 0.0 minutes
at which time an injection was made. The overall mobile phase composition of
the gradient run was approximately 50/50 acetonitrile/water. The test probes
(in 100% acetonitrile with an identical TFA concentration as the mobile phase)
were injected automatically with an LOC auto sampler (Model LC-24) equipped
14
H
rfN'f0yNH
o
URACIL
URC
DIPHENYDRAMINE HYDROCHLORIDE
DHP
r?)V~
o
PENTYL PHENYL KETONE
HPK
BENZO[a]PYRENE
BAP
Figure 2 - Chemical structures of the four test probes used in the HPLC
analysis.
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with a 20 pL loop. A Varian Integrator (Model 4400}, Pump (ModeI9010), and
UV detector (M.odel 9050) were used with a wavelength of detection at 254 nm.
A Bass column heater (LC-22A) was adjusted to 30.0 ± 0.1 or 50.0 ± 0.1 °C.
Following the HPLC analysis, each column was flushed with acetonitrile for 30
minutes at 2 mL/min. The column was then unpacked and the bonded phase
dried for 4 hours in an oven at 40°C.
4. Carbon Determination
The percent Carbon for each sample was determined by combustion
using a Perkin-Elmer 2400 CHN analyzer. Each analysis was done in duplicate,
obtaining percent carbon values which differed by < 0.1 % carbon. Each
duplicate analysis was repeated on a different day. The values obtained for
each· set of duplicates varied by < 0.2% carbon. So the carbon values
obtained were accurate to ± 0.1 % C.
5. LC Hydrolysis Products
A sample of each eluate was saved from the HPLC analysis. Two liter
aliquots were chilled to 4°C and subsequently filtered through a 0.2 micron
millipore f1uoropore filter. Any precipitate was saved for further analysis. The
filtered eluate was extracted with 3 x 30 mL chloroform. The chloroform
extracts were concentrated in a hot water bath (40°C) with a nitrogen purge to
a volume of 1 mL. The concentrate was saved for analysis by GC.
6. GC Analysis
All GC analyses were carried out on an HP 5890 series II with an HP
16
7673 auto injector and an HP 3396 integrator. The eluate extracts and
precipitates were analyzed using the following conditions:
Column: Alltech RSL 400 1.2 pm film, 0.53 mm x 30M
Injection: 220°C Detection (FID) 230°C
Oven: 120°C hold 1 minute to 210°C at aOC/min hold 12 min
Sample Size: 1 pL
7. HF Digestion
The conditions and column used in the HF hydrolysis experiment are
described elsewhere.33 To 100 mg of bonded phase in a polypropylene screw
cap reaction vessel, 10 mL of HF solution (25% concentrated hydrofluoric acid,
25% methanol, and 50% HPLC grade water) was added. This mixture was
stirred for five hours with a magnetic stirrer. Five mL hexane was added and
stirred for an additional hour. A syringe was then inserted into the hexane layer
for subsequent injection onto the GC column.
Column: SE-30 12M
Injection: 220°C Detection (FID) 230°C
Oven: 1aO - 210°C at 2°C/min
Sample Size: 1 pL
a. D.C. Arc Emission Spectrography
D.C. Arc ES analysis was carried out using a three meter Baird
spectrograph. Prepared samples were arced under total burn conditions (see
conditions below) and the resulting spectral line densities for silicon were
17
recorded on the photographic plate. The exposed plate was developed and the
silicon (Si) line densities were visually located at 251.6 nm and 288.2 nm and
read against four-step standard spectra containing 0.01, 0.1, 1, and 10 pg of
silicon.
Spectrographic Conditions
D.C. 15 amps
S-13 and C-8 (ASTM)
Total burn ( .... 100 s) Photographic Plate
Kodak, Spectrum analysis No. 1
25 pm
245.0 - 387.5 nm (3°)
1 g preconcentrated and collected on 20 mg
graphite powder with addition of matrix
modifier and internal standard. Reagent blank
correction applied.
Slit:
Region:
Sample Preparation:
Current:
Electrode (type):
Exposure (Sample):
III. RESULTS
A. Synthesis of Bonded Phase
To accurately compare two bonded phases, it is essential to eliminate as
many variables ~s possible. Several steps were taken to dothis including: 1)
the same silica was used for both the monofunctional and trifunctional synthesis
and 2) both bonded phases were prepared by the same experimental method,
including the same molar ratio of silane to silica. With these variables held
18
constant, any difference in bonded phase performance should only be due to
the silane/silica attachment.
Some of the properties of the silica used are shown in Table 1. Prior to
synthesis, the silica was not dried so there was adsorbed water (4.6%) on the
silica surface. The carbon content of each of the bonded phases is shown in
Table 2. Endcapping with chlorotrimethysilane increased the carbon content
2.0% and 1.0% for the trifunctional (TC18) and monofunctional (MC18) bonded
phases respectively.
B. 29Si Solid State NMR
Because of the long 29Si T1 relaxation times associated with silica (from
minutes to hours), it would take a very long time to obtain spectra with
acceptable signal/noise using· BLOCH decay excitation.29 Therefore, all the 29Si
spectra were obtained using cross polarization. The signal obtained using
cross polarization is dependent upon the number of silica species present and
the experimental conditions. For accurate quantification of signals, the optimal
.contact time must be determined. The contact time is the length of time in
which spin-lock conditions are applied under conditions of the Hartman-Hahn
match (vHH1H = VSiH1SJ. The 29Si signal builds up exponentially and decays
exponentially. The rate of signal build-up will vary for each silicon species.
Several experiments were run using various contact times on both MC18 and
TC18. In both cases, the maximum signal for each peak in the 29Si spectra
achieved using contact times of from two to six ms. Therefore, a contact time
19
TABLE 1
Result
Appeamnce .
Average Particle Diameter, pm (APD) '"
pH of 5% Aqueous Suspension .
Loss on Drying at 180 0 C . . . . . . . . . . . .
Iron (Fe) .
Extraction Residue . . . . . . . . . . . . . . . . .
Particle Size Distribution « 64 pm) ....
Particle Size Distribution « 4 pm) " ~.. ' .
Particle Size Distribution (> 96 pm) ....
Specific Surface Area, m2 j g . . . . . . . . . .
Passes Test
47
7.3
4.6%
< 0.005 %
0.08 % max.
79 % min.
3 % max.
0% max.
519
Table 1 - Physical data on the silica gel used to prepare both MC18 and TC18.
(Values supplied by J.T.Baker Inc.)
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TABLE 2
Carbon Values of MC18 and TC18
%C*
Silane Unendcapped Endcapped Abbreviation Ugand
Density
p mOlfm2
Chlorodlmethyloetadecylsilane 11.7% 12.7% MC18 0.94
Trlchlorooetadecylsilane 15.3% 17.3% TC18 1.36
*Carbon values are ± O.1%C.
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of five ms was chosen for all 29Si spectra.
To determine the relative error associated with processing and
deconvoluting 29Si spectra, the raw data of several samples were reprocessed.
Each set of data was reprocessed and, subsequently, the spectrum was
deconvoluted. The normalized values were compared to the initial results. The
normalized values differed by no more than 10%. The error associated with the
normalized peak areas was interpreted to be ± 10%.
Silica Gel
The 29Si spectrum of the silica gel (C) used to synthesize the bonded
phases is shown in Figure 3. The three signals correspond to geminal and
vicinal silanols (02), lone silanols (03) and siloxane bonds (04) at -92, -101,
and-111 ppm respectively.31 The peaks of this spectrum and subsequent
spectra were deconvoluted using the software program on the GE NMR
instrument. Shown in Figure 3 are the deconvoluted peaks (A) and the
resulting spectra of the sum of the deconvoluted peaks (B). Subsequent
spectra will use the area of the signal at -111 ppm (set arbitrarily at 10 units) as
an internal standard for comparing peak intensities. We have made the
assumption that the magnitude of this peak remains constant throughout our
degradation process (Fig. 4). That is to say, no dissolution of silica or opening
of siloxane bonds has occurred upon aging.
MC18
By derivatizing the silica with chlorodimethyloctadecylsilane, an additional
22
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Figure 3 - The 29Si spectra of the silica gel (C) used in the bonded phase
synthesis. The deconvoluted peaks (A) and the comp.osite of the deconvoluted
peaks (B) are also shown. Subsequent 29Si spectra are deconvoluted in a
similar manner to obtain individual peak areas.·
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Rgure 4 - 29Si spectra of silica gel prior to (A) and following (8) exposure for
100 hours to a mobile phase at 50°C with 0.5% TFA.
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resonance at 13 ppm (M,) is observed in the 29Si spectra. This signal is due to
the silicon atom attached to two methyl groups in the monofunctional C18
ligand. The appearance of this peak is accompanied by a large decrease in the
intensity of 0 3 and O2, relative to 0 4, due to the functionalization of many of
these silanols (Fig. 5). Upon endcapping with chlorotrimethylsilane, the intensity
at 13 ppm increases while a further decrease is observed at -92 and -101 ppm
(Table 3). The resonance at 13 ppm is due to the Si-CH3 groups from both
the C18 ligand and the endcapping agent. The individual contribution of each
species to the total peak intensity could not be determined.
The 29Si spectra demonstrating the effect of mobile phase temperature
on MC18 are shown in Figure 6 (by comparison of spectra A to 0, B to E, and
C to F). With the TFA concentration held constant, MC18 was run at 30°C and
50°C. There are very minor, if any, changes in the 29Si spectra due to
temperature at low (0.0% TFA) or high (0.5% TFA) acid concentrations (Table
4). Surprisingly, at an intermediate TFA concentration (0.25%), a signifiant
change was observed in the 29Si spectra (Fig. 6 spectra B and E). There is a
slight increase at -101 ppm along with a significant decrease at 13 ppm in peak
areas (Table 4). The effect of an acidic mobile phase on the 29Si spectra of
MC18 is much more dramatic. At both 30 0 e and 50°C, a large change in the
29Si spectra is observed upon the addition of any amount of acid to the mobile
phase (Fig. 6). However, the spectral changes are relatively small when the
acid concentration is raised from 0.25% TFA to 0.5% TFA as compared to the
25
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Figure 5 - Changes in the 29Si spectra of silica gel after derivatization with
chlorodimethyloctadecylsilane, followed by endcapping with
chlorotrimethylsilane. A) silica, B) derivatized, C) derivatized and endcapped.
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TABLE 3
Areas Normalized to Peak at -111 ppm**
%C* -111 ppm -101 ppm -92 ppm 13 ppm
Original 0.0 10 28 4.1 0.0
Silica
Derivatized 11.7 10 13 1.1 1.8
Derivatized 12.7 10 11 < 1 2.8
and
Endcapped
*Carbon vaues ± 0.1°C.
**Peak areas are ± 10%.
Table 3 - Changes in the 29Si spectra of MC18 produced by derivatizing and
endcapping. Each peak area was normalized to the area at -111 ppm of the
29Si spectra.
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Figure 6 - 29Si spectra of MC18 after exposure for 12 hours to mobile phases at
30°C (A, B, C) and 50°C (D, E, F) with 0.0% TFA (A, D), 0.25% TFA (B, E),
and 0.5% TFA (C, F).
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TABLE 4
Areas Normalized to Peak at -111 ppm··
Temp. TFA Cone. %C* -111 ppm -101 ppm -92 ppm 13 ppm
30°C 0.0% TFA 12.7 10 10 < 1 2.4
30°C 0.25% TFA 8.3 10 13 2 1.6
30°C 0.50% TFA 7.2 10 15 2 1.2
50°C 0.0% TFA 12.6 10 10 < 1 2.5
50°C 0.25% TFA 7.4 10 14 2 1.2
50°C 0.5% TFA 7.0 10 16 2 1.2
*Carbon values are ± 0.1%C.
**Peak areas are ± 10%.
Table 4 - Changes in the 29Si spectra of MC18 as a result of changes in the
TFA concentration and the temperature of the mobile phase after eight hours.
Each peak area was normalized to the area at -111 ppm.
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spectral changes when the acid concentration is raised from 0.0% TFA to 0.25%
TFA (Table 4).
To determine how the solvent profile of the mobile.phase affected the
stability of the MC18, an experiment was run with an isocratic mobile pHase. A
comparison of 29Si spectra of the original MC18 and the same material
degraded with gradient and isocratic elutions are shown in Figure 7. Even
when all the columns were run at 50°C with 0.5% TFA in the mobile phase for
the same length of time, the 29Si spectra were not identical. The isocratic
solvent compositions varied from 100% water to 100% acetonitrile and as seen
in Table 5, the 29Si spectra of a sample exposed to an isocratic mobile phase
varied greatly from the 29Si spectra of sample treated with the gradient mobile
phase.
TC18
The 29Si spectra of TC18 are shown in Figure 8. The initial derivatization
with trichloroctadecylsilane gives rise to two peaks at -56 (T2) and -66 ppm (T4),
corresponding to a silicon atom with two Si-O-Si bonds with one Si-OH and
three Si - 0 - Si bonds respectively (Figure 1). No peak was ever observed at
-46 ppm (T1) or -59 ppm (T3) as reported elsewhere. 12. 19.31 The signal at -56
ppm decrease~ greatly with endcapping (Table 6). The relative intensity of the
peaks at -56 and -66 ppm after endcapping remained constant throughout the
aging experiments and will not be considered further. Unlike MC18, the peak
intensity at 13 ppm in the 29Si spectra is due solely to endcapping.
30
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Figure 7 - A comparison of the 29Si spectra of the original MC18 (A) with the
same bonded phase exposed to an aggressive mobile phase (0.5% TFA, 50 0 e)
for twelve hours (B-E). Gradient elution (E) changes the 29Si spectra much
more than isocratic elution (B-O). The solvent composition of the isocratic
mobile phase (8) 100% acetonitrile, C) 50/50 acetonitrile/water D) 100% water)
also affects the rate of change.
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TABLE 5
Areas Normalized to Peak at ·111 ppm--
Composition %TFA Temp %C- ·111 ppm ·101 ppm ·92 ppm 13 ppm
Original - - - 12.7 10 11 < 1 2.8
MC18
Isocratic 100% Acetonitrile 0.5 sooe 12.4 10 11 < 1 2.7
Isocratic 50/50 0.5 sooe 12.0 10 11 1 2.3
water/acetonitrile
Isocratic 100% water 0.5 sooe 10.3 10 11 1.5 1.5
Gradient - 0.5 sooe 7.0 10 16 2 1.2
*Carbon values are ± 0.1 %.
**Peak areas are ± 10%.
Table 5 - Changes in the 29Si spectra as a result of the elution technique
(isocratic vs. gradient) on exposure for 12 hours. Each peak area was
normalized to the area at -111 ppm.
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Rgure 8 - Changes in the 29Si spectra of silica gel after derivatization with
trichlorooctadecylsilane, followed by endcapping with chlorotrimethylsilane.
A) silica, B) derivatized, C) derivatized and endcapped.
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TABLE 6
Araas Normalized to Peak -111 ppm··
%C· -111 ppm ·101 ppm -92 ppm -66 ppm ·56 ppm 13 ppm
Or/g/nal 0.0 10 28 4.1 0.0 0.0 0.0
Silica
Dar/vat/zed 15.3 10 20 1 2.6 5.4 0.0
Dar/vat/zed 17.3 10 13 1 2.3 2.7 1.6
and
Endcappad
*Carbon values are ± 0.1%
**Peak areas are ± 10%.
Table 6 - Changes in the 29Si spectra of TC18 produced by derivatization and
endcapping. Each peak area was normalized to the area at -111 pp~.
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The effect of temperature and an acidic mobile phase on the TC18 were
followed by 29Si NMR. The effect of temperature on the degradation of TC18 is
shown in Figure 9. An increase in temperature from 30°C to 50°C produced
little change in the 29Si spectra at all (including 0.25%) TFA levels. The 'relative
peak intensities are shown in Table 7. The effect of various acid concentrations
on TC18 is shown in Figure 9. While the addition of acid reduc'es the intensity
at 13 ppm, very little change is observed when the acid level is increased from
0.25% TFA to 0.5% TFA with relative peak intensities and carbon levels
remaining unchanged (Table 7). Gradient versus isocratic elution with 0.5%
TFA in the mobile phase was also examined (Table 8). The 29Si spectra of the
original TC18 and degraded TC18s are shown in Figure 10.
C. 13C Solid State NMR
To obtain accurate quantitation of signals in 13C NMR, the optimal
contact time must be determined, as done for the 29Si NMR signals. A contact
time of 5 ms· was chosen for all 13C NMR experiments. The 13C peak
assignments for MC18 and TC18 are shown in Figure 11 25 and Figure 12,31
respectively.
To quantify peak intensities of the 13C spectra, the area from -36 to -27 .
ppm of each spectrum was integrated and given a constant value. This value
was compared to the peak area around 0 ppm. In the case of TC18, the peak
area near 0 ppm is due only to endcapping. The peak area near 0 ppm on
MC18 is due to endcapping and also the Si-CH3group of the
35
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Figure 9 - The 29Si spectra of TG18 after exposure for 100 hours to mobile
phases at 30 0 G (A, 8, G) and 50 0 G (0, E, F) with 0.0% TFA (A, 0), 0.25% TFA
(B, E), and 0.5% TFA (G, F).
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TABLE 7
-
Areas Normalized to Peak at ·111 ppm··
Temp. %TFA % C* -111 ppm -101 ppm ·92 ppm 13 ppm
30 0 G 0.0 17.1 10 11 < 1 1.6
30 0 G 0.25 16.0 10 13 1 1
30 0 G 0.5 15.7 10 13 1 1
50 0 G 0.0 17.1 10 9 < 1 1.5
50 0 G 0.25 15.9 10 12 1 1 ..
50 0 G 0.5 15.7 10 11 1 < 1
*Garbon values are ± 0.1 %C.
**Peak areas are ± 10%.
Table 7 - Changes in the 29Si spectra of TG18 as a result of changes in the TFA
concentration and temperature of the mobile phase for 100 hours. Each peak
area was normalized to the area at -111 ppm.
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TABLE 8
-
Areas Normalized to P••k at -111 ppm··
Duration % TFA Temp. %C·
-111 ppm ·101 ppm -92 ppm 13 ppm
Original -
- -
17.3 10 13 1 1.6
TC18
'socratic 100 hrs 0.5 sooC 16.6 10 11 1 1.5
50150
ACN/H,O
Gradient 100 hrs 0.5 50°C 15.7 10 16 2 < 1
*Carbon values are ± 0.1% C.
**Peak areas are ± 10%.
Table 8 - 29Si spectra of TC18 comparing TC18 to the same material degraded
by exposure to 0.5% TFA at 50°C for 100 hours. Each peak area w~s
normalized to the area at -111 ppm.
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Figure 11 • 13C spectra of MC18 both before (A) and after (8) endcapping.
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Figure 12 - The 13C spectra of TC18, both before (A) and after (8) endcapping.
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dimethyloetadecylsiloxane.
The data for the 13C spectra is consistent with the data for the 29Si
spectra. Therefore, the results for the 13C spectra will be discussed briefly.
TC18
Interpretation of the 13C spectra obtained from TC18 is straightforward.
The peak at 13 ppm is due to the presence of endcapping and all other peaks
are due to the main TC18 ligand (Table 9). The emergence of a peak near 0
ppm upon endcapping is shown in Figure 12. The effect of changing
temperature and TFA concentration are shown in Figure 13 and Table 10. The
13C spectra of TC18 for both gradient and isocratic elution is shown in Figure
14 and Table 11. The decrease near 0 ppm in the 13C spectra is similar to the
decrease near 13 ppm of the 29Si spectra.
MC18
Changes in the 13C spectra of MC18 are not nearly as dramatic as the
changes in the 29Si spectra for the same material. While both 13C and 29Si
spectra show the same pattern, 29Si NMR appears to be more sensitive to
changes in the particle surface. Therefore, the 13C spectra will be used only to
support conclusions drawn by interpretation of the 29Si spectra. All the 13C data
for MC18 is summarized in Table 12, along with a representative 13C spectra for
MC18 in Figtlre 11.
D. HPLC
There were two criterion used to select HPLC probes. First, the probe
42
TABLE 9
¥g,,",VY are ±
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Rgure 13 - 13C spectra of TC18 after exposure for 100 hours to mobile phases
at 30°C (AI 8, C) and 50°C (0, EI F) and TFA concentrations of 0.0% (A, D),
0.25% (B, E), and 0.5% (C, F).
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TABLE 10
,
Relative Areas""""
Temp %TFA % C* a3S to a27 ppm oppm
30 a C 0.0 17.1 100 20
30 a C 0.25 16.1 100 11
30 a C 0.5 15.7 100 9
50 a C 0.0 17.1 100 18
50 a C 0.2 16.0 100 8
50 a C I 0.5 15.7 1100 7
*Carbon values are ± 0.1 % C.
""'Peak areas are ± 10%.
Table 10 - Changes in the 13C spectra of TC18 following 1 hours of exposure
to mobile phases at different TFA concentrations and temperatures.
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Figure 14 - 13C spectra of TC18 (A) and the same material after 100 hours of
isocratic (B) and gradient (C) elution.
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TABLE 11
-
Relative Areas··
Duration %TFA Temp %C· -36 to -27 ppm o ppm
Original TC 18 - - - 17.3 100 23
Isocratic 50/50 100 hrs 0.5% 50°C 16.6 100
"
16
AcetonitrilelWater
Gradient 100 hrs 0.5% 50°C 15.7 100 7
*Carbon values are ± 0.1 %C.
**Peak areas are ± 10%.
Table 11 - The effect of elution technique on TC18 and its 13C spectra.
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I Relative AreasII1- I % ~ FaA. Duration %C'" -36 to -27 ppm o ppm
MC18 ! -- j --
I
-- 11.7 100 16
<:', ':J) !l
I
MC18 _. I 12.7 100 41
-- 30°C 0.0 12 hrs 12.7 100 40
,
-- 30°C 0.25 12 hrs I 8.3 100 36
- 30 a C 0.50 12 hrs 7.2 100 38
-- 50 a C 0.0 12 hrs 12.6 100 41
--
50°C 0.25 12 hrs 7.4 100 31
50 a C '" 0.5 12 hrs 7.0 100 27-
Isocratic 50 0.5 12 hrs 12.4 100 41
100% Acetonitr\ie
109 i 33
""I"'<;:lUI III ucfVVater
Isocratic sooe -0.5 12 hrs 10.3 100 28
100% Water
"'Carbon vr:l!'Uc',", are ±
**Peak areas are -+-
o
Table 12 - 13C MC18 to various mobile phase
compositions. peak area near 0 ppm is due to the tvvo Si-CH3 bonds
main 18 li""',,ri and/or presence endcapping.)
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must give information on how the surface of the particle changes over time.
Over 100 probes were originally tested. Only about 20% of these probes were
sensitive to changes in the surface with an acidic (0.5% TFA) mobile phase.
The second criterion was that the set of probes chosen must be baseline
resolved on both MC18 and TC18 under identical mobile phase conditions.
This was not a trivial task over the temperature range from 30°C to 50°C, TFA
concentrations from 0.0% to 0.5%, and percent carbon from 12.7% (MC18) to
17.3% (TC18). However, a gradient elution profile and four test probes were
selected to meet all the above criterion.
The four probes used in the HPLC analysis (A: Uracil, B:
Diphenhydramine-HCI, C: Pentyl phenyl ketone, and D: Benzo(a)pyrene (Fig.
2) were chosen for specific reasons. Uracil is not retained under any of the
mobile phase conditions used for this paper. Therefore, uracil was used as the
unretained peak to measure solvent void time 010)' Diphenhydramine-HCI
interacts very strongly with residual silanols of bonded phases.34 Pentyl phenyl
ketone is sensitive to small changes in hydrophobicity of the sorbent,19
Extensive work has been done by Sander and Wise13. 14. 16 on PAH selectivity in
alkyl bonded phases. They have shown benzo(a)pyrene (SaP) to be sensitive
to the degree of, silane/silica attachment. With the exception of 0.0% TFA in the
mobile phase, all probes were well separated. In the case of 0.0% TFA,
diphenhydramine-HCI was irreversibly bound on both TC18 and MC18.
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TC18
The probe retention times were normalized by using the k' values [(Tr -
To)jTo]. The k' values for the probes on TC18, upon exposure to various acid
concentrations at different temperatures, are shown in Figure 15. Temperature
does not seem to change the k' pattern regardless of the acid concentrations
used. However, the k' pattern observed with an acidic mobile phase is not
linear, with the retention times of each analyte changing over time (Fig. 16).
There is a fairly rapid change in k'during the first several hours. The values
then level out and become linear with only a very slight slope. Even with this
change in k', the chromatography remains excellent with baseline resolution
and no peak asymmetry (Fig. 17).
MC18
The effect that temperature has on MC18 can be seen by the changes in
k'values. The effect is most pronounced at a TFA concentration of 0.25% (Fig.
18). At 0.25% TFA, the 30°C plot is almost linear while at 50°C a rapid loss in
retention is observed. The resulting change in peak resolution is shown in
Figure 19. An acidic mobile phase also effects the k' values of MC18. The
most significant change is with 0.5% TFA in the mobile phase. The large
changes in k' a,re a result of a decrease in probe retention of all the probes
except for uracil (Fig. 20). The entire HPLC chromatogram is shown in Figure
21. The spike appearing in this chromatogram at 20 to 27 minutes coincide
with a white precipitate being formed in tihe HPLC eluate. Unlike TC18, the
50
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phase (0.5% TFA) at 50 a C.
52
(T') ~,.N \ AI
I I \Lf'lN ~ tex )<X_-'
--
Figure 17 - The test probe elution pattern on TC18 at 50°C with various TFA
concentrations A) 0.0%, B) 0.25%, C) 0.5%. Diphenhydramine-HCI is
irreversibly bound when no TFA is present in the mobile phase. An acidic
mobile phase has little effect on peak symmetry or resolution even after 100
hours of exposure.
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Figure 18 - k' values for MG18 on exposure to different TFA concentrations (0.0%) A, 0; (0.25%) B, E; (0.5%) G,
F; at both 30 0 G (A, B, C) and 50 0 G (0, E, F).
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Figure 19 - The peak profile on MC18 on exposure to a 0.25% TFA mobile
phase at 30°C (A) and 50°C (B). The chromatograms correspond to one,
four, and eight hours of exposure.
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Figure 20 - Retention times of the test probes on MC18 with an acidic mobile
phase (0.5% TFA) at 50 c C.
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Figure 21 - HPLC chromatogram of MC18 after four hours of exposure to acidic (0.25% TFA) mobile phase at
50°C. The test probes elute within five minutes. After the gradient reaches 100% acetonitrile, the MC18 ligand
begins to elute. Spikes appear as the solid hydrolysis product passes through the detector. When the gradient
reaches 100% H20 (X). no additional ligand is eluted.
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Figure 22 - The change in elution profile of Me18 on exposure for eight hours
to various TFA concentrations, (A) 0.0%, (B) 0.25%, (C) 0.5%, at 50 a C. An
acidic mobile phase quickly destroys a chromatographic separation on MC18.
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peak resolution and symmetry are completely lost (Fig. 22) with MC18 with a
mobile phase containing 0.5% TFA at soac.
E. Endcapping
Several HPLC columns were packed with unendcapped MC18 and
unendcapped TC18. The columns were equilibrated and the test probes
injected under the conditions described in the experimental section. The arrows
in Figure 23 and 24 indicate the k' values obtained for benzo(a)pyrene on an
unendcapped column. The arrows indicate the point in time at which the
chromatographic behavior of benzo(a)pyrene is the same on the degraded C18
as on a freshly packed, unendcapped C18. This point in time is after about 20
hours for TC18 and after 1 or 3 hours for MC18.
-
To determine if endcapping affected the stability of MC18, an
unendcapped MC18 sample was analyzed. The k' values obtained on the test
probe were always lower than the k' values obtained on the endcapped MC18
sample (Fig. 25). In addition, the unendcapped sample produced spikes in the
HPLC chromatogram much sooner than the endcapped MC18 sample (Fig. 26).
F. HPLC Eluate
Because of the large volumes of solvent used in the aging study of
TC18, the HPLC eluate was saved in approximately 2 L aliquots. Each aliquot
was analyzed independently. After filtering each of the aliquots through the
same filter paper, no visible precipitate was present on the filter due to the TC18
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Figure 23 - k' values of the test probes on TC1S'at various conditions (A; 0.25% TFA, 30°C), (8; 0.25% TFA,
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Figure 24 - k' values of probes on MC18 at various conditions (A; 0.25% TFA, 30°C), (B; 0.25% TFA, 50°C), (C;
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Figure 25 - k' values for the test mixture on MC18 and also on unendcapped
MC18. The lower k' for each probe corresponds to the unendcapped MC18.
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Figure 26 - HPLC chromatograph of MC18 (A, B) and unendcapped MC18 (C, D) at one hour (A, C) and three
hours (B, D) under identical conditions (0.5% TFA, 50°C). The presence of endcapping increased the stability of
the MC18 ligand by shielding its silica/silane bond from acid hydrolysis.
aging process.
The filtered eluate was then analyzed for silicon by DC arc and for
soluble organics by GC. The eluate was found to contain no « 1 ppm)
dissolved silica. A second experiment was run using 200 mL of 50/50 -
acetonitrile/water containing 0.5% TFA at 50 a C. The mobile phase was
recycled for 12 hours through the TC18 column. This mobile phase was
analyzed for silicon and again, no dissolved silica « 1 ppm) was present.
The eluate was then concentrated for analysis by GC for organic ligand
content. In all cases, no peaks from the TC18 were ever found (Fig. 27).
MC18
On aging MC18 with any amount of TFA at any temperature, a white
precipitate formed in the eluate. This precipitate was filtered off and later
analyzed by GC and solution NMR. The filtered eluate was extracted with
chloroform and concentrated for the GC analysis. A typical chromatogram is
shown in Figure 28 along with the GC chromatogram of the original
monofunctional silane. The chromatogram of the MC18 eluate contains the
same two charcteristic peaks as the chlorodimethyloctadecylsilane, along with
several unidentified degradation product peaks.
The precipitate, dried by vacuum, was dissolved in deuterated chloroform
and analyzed by both solution NMR and GC. Several chromatograms of the
precipitate are shown in Figure 29. The peak profile varies from sample to
sample, regardless of the level of TFA or temperature used in the degradation
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Figure 27 - Typical GC chromatogram of the concentrated eluate from the TC18
HPLC analysis. GC conditions are listed in the experimental section.
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Figure 28 - A typical GC chromatogram of (A) the MC18 HPLC eluate after
exposure to an acidic mobile phase and (8) chlorodimethyloetadecylsilane.
Eluate preparation and GC conditions are listed in the experimental section.
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Figure 29 _The GC chromatograms of several precipitates from the MC18
HPLC analysis. The differences in peak profiles do not correspond to the TFA
concentration (0.25%, 0.5%) or the temperature (30°C. 50°C) of the mobile
phase used in the HPLC analysis.
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process. However,· each chromatogram does contain the same two peaks
corresponding to the original silane used to prepare the original bonded phase
(Fig. 28).
The proton spectrum of the original monofunctional silane has a
resonance at 0.3 ppm is due to the two Si-CH3 bonds of the C18 ligand (Fig.
30). The peak profile of the proton spectra for the precipitates varied at each
acid concentration and temperature used in the degradation process (Fig. 31).
There is no peak at 0.3 ppm (as with the original silane) and an emergence of
up to two peaks, at 0.0 ppm and at 0.1 ppm. The peak at 0.0 ppm (next to
TMS) appeared in all the proton spectra while the peak at 0.1 ppm only
appeared in about Va of all the proton spectra of the precipitates.
.The filtered eluate was also analyzed by DC arc for dissolved silica
content. A 250 mL recycle sample of MC18 exposed to 0.5% TFA at 50°C for
12 hours was also analyzed for silica content. In both cases, no dissolved silica
« 1 ppm) was found.
G. HF Digestion
The HF digestion method was attempted as outlined by Hartwick33. This
I
involves the dissolution of the silica to form the fluoro-silyl derivative of the
bonded ligand. There is some question as to the stability of these fluoro
derivatives.35 The monofunctional fluoro derivative (with only one reactive site)
could only dimerize at most. However, the trifunctional derivative, with possibly
three reactive sites, could polymerize to any degree. Since TC18 presented the
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Figure 30 - Proton spectrum of the chlorodimethyloctadecylsilane used in the
synthesis of MC18.
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Figure 31 - Proton spectra of the HPLC precipitate from MC18. These spectra
differ from the original silane (Fig. 30) in that there is no peak at 0.3 ppm and
an emergence of a peak at 0.0 ppm (next to TMS) and sometimes at 0.1 ppm.
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more difficult challenge for analysis, it was the first bonded phase to be tried in
he HF digestion experiment. TC18 was reacted, as explained in the
Experimental section, and analyzed by GC. The injection produced either one
peak or no peaks at all. In the cases where a single peak was produced, an
injection of the same sample, thirty minutes later, produced no peaks. It was
suggested that the instability of the trifunctional fluoro derivative was due to the
presence of alcohol in the HF digestion mixture.35 Alcohol causes the formation
of the alkoxy derivative, which is not as stable as the fluoro derivative. As a
result, the TC18 ligand can polymerize to a dimer, trimer, tetramer, etc. over
time. So the organic solvent in the HF digestion mixture was also changed
from methanol to acetonitrile but the results remained the same. After several
additional modifications were unsuccessfully attempted, this technique was not
further pursued.
IV. DISCUSSION
To interpret the 29Si spectra, all the peaks were normalized to the area of
the peak for the siloxane signal (-111 ppm). This assumes no dissolution of the
silica (opening of siloxane bonds) has occurred during degradation. This key
assumption is based on several pieces of information. 1) Even in cases where
MC18 lost almost 50% of its carbon content, the silicon level in the filtered
eluate was below the limit of detection « 1 ppm). Standard addition confirmed
the reliability of the silicon analysis. Since no srlica was detected, it was
assumed the intensity at -111 ppm of the 29Si spectra was unchanged by the
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degradation process. Theoretically, it is possible to open a siloxane linkage
without dissolution of the silica gel. For a silicon with four Si-O-Si bonds, the
intensity at -111 ppm would decrease if one of the four bonds was hydrolyzed.
The intensity at -101 ppm would simultaneously increase (formation of a two
lone silanols). However, a mobile phase would be much less accessible to a
silicon with four Si-O-Si bonds than to a silicon with only three (1 silanol) or
even two (geminal silanol) Si - 0 - Si bonds. So if Si - 0 - Si bond opening
changes the intensity at -111 ppm, it would follow that an equal or greater
amount of Si - 0 - Si bond opening would occur with the more accessi~le
silicons, having only three or two Si-O-Si bonds. Opening of these bonds,
especially with a geminal silanol, would cause dissolution of the silica.
Therefore, siloxane bond opening is unlikely if no dissolved silica is present in
the HPLC eluate. 2) Underivatized silica was subjected to the same extreme
mobile phase conditions to which the derivatized silica was sUbjected (Fig. 4).
The differences in the 29Si peak areas for each peak « 5%) were well within
the accuracy of the area measurement (± 10%). The degradation process had
no significant effect on the silicon species present on the silica gel surface. 3)
Since chlorosilanes were used in the synthesis, HCI is generated during the
derivatization process (Equation 2). It is possible that the Hel generated can
react with the silica surface. This possibility was investigated by Hair and
Hertl36 by allowing gaseous HCI to react with derivatized and underivatized silica
gel. In no case was any significant change « 5%) observed at the surface.
72
Taking into account this evidence, we believe the assumption that the peak area
at -111 ppm is constant through the degradation process, to be valid.
The same silica and experimental conditions were used for both MC18
and TC18 to minimize variables between the two bonded phases. However,
29Si spectrum of each unendcapped product was quite different.
The predominant functionality as determined by 29Si CP/MASS NMR of
the underivatized silica support is the lone hydroxyl (03) (Fig. 3). The intensity
of this peak is nearly three times that of siloxane peak (Q4). The peak intensity
for geminal and vicinal silanols (Q2) is also quite large, approximately 40% that
of Q4' When the silica is functionalized with chlorodimethyloctadecylsilane, the
29Si spectra changes systematically with the intensity at Q3 being reduced from
2.8 to 1.3 times the size of Q4 and Q2from 0.4 to 0.1 times the size of Q4 (Fig.
5). Both types of silanols appear to be quite reactive as their intensities
decrease substantially. Upon endcapping, the peak intensities at -92 and -101
ppm are again reduced. The endcapping agent, chlorotrimethylsilane, reacts
with silanols which were not functionalized witH' chlorodimethyloctadecylsilane
due to its steric hindrance.
Functionalizing the silica with trichlorooctadecylsilane gives a very
different 29Si spectra (Fig. 8). The initial derivatization does cause a drop in
intensity at -92 and -101 ppm, however, the drop in intensity at -101 ppm is not
nearly as dramatic as compared to MC18. While the peak intensity at -101 ppm
(lone silanols) dropped 54% for MC18, the drop in intensity for TC18 is only
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29%. Upon endcapping, the intensity at -101 ppm drops significantly, to 1.3
times the intensity at -111 ppm. This endcapping raises the· carbon level of
TC18 2% while on MC18, the carbon level increase on endcapping is only 1%.
The large difference in peak intensity at -101 ppm for the two C18s
cannot be explained by carbon levels or ligand density. The ligand density9
(Equation 2) is actually larger for the TC18 (1.36) than MC18 (0.94). Based on
these values alone, the peak intensity at -101 ppm should be lower for TC18
than for MC18, when in fact, the opposite is true. The measured ligand
densities are rather low compared to other reported ligand densities.9. 1~. 20. 37
However, the pore sizes of the silicas used to prepare those phases were from
100 to 300 A. The silica used in this work has an average pore size of 60 A.
Just as the C18 ligand is sterically hindered from reacting with all silanols, the
endcapping agent can be similarly hindered,especially in very small pores.
This ligand density ratio (1.36/0.94 = 1.45) is in good agreement compared to
the ratio obtained using values calculated by Henry9 for trifunctional C18 (4.2)
and Kirkland'B for monofunctional C18 (2.69), giving a ratio of 1.56 (4.2/2.69).
This suggests that the two bonded phases prepared for this work have a
characteristic ligand density ratio and differences in the absolute ligand density
(as compared to Kirkland and Henry) are due to a majority of the surface area
being unaccessible to the silanes being used. For bonding purposes, the
effective surface area is likely to be much lower than that reported in Table 2.
The differences in the 29Si spectra at -101 ppm between mono- vs. tri-
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functional bonded phases can be explained a different way. The intensity at
-101 ppm in the 29Si spectra could be larger for TC18 than MC18 because
TC18 can undergo crosslinking above the surface of the silica support. The
silica contains absorbed water (4.6%) which favors crosslinking. The intensities
at -56 ppm and -66 ppm are due to double and triple attachment, respectively,
to the silica support or (by crosslinking) each other. By crosslinking, the TC18
ligand can react with an adjacent TC18 ligand without reducing the number of
silanols on the surface (-101 ppm). This explains a high ligand density with a
relatively high silanol content. The endcapping agent can then react with three
distinct populations of silanols on TC18: 1) silanols unaccessible to the C18
ligand Oust as with MC18), 2) silanols formed by the hydrolysis of one or more
chlorides of the TC18 ligand, and 3) unreacted silanols on the silica surface
beneath the polymerized silane. Upon endcapping, the population of these
three types of silanols decreases with: 1) the appearance of a peak at 13 ppm
due to endcapping of sterically hindered silanols; 2) the drop in intensity
intensity at -56 ppm as species with two attachments to the silica or other C18
ligands have their lone hydroxyl endcapped, and 3) the intensity at -101 ppm
decreases as silanols beneath the polymerized silane are reacted (Fig. 8). The
existance of these extra sites for endcapping explains why the carbon level
increased twice as much for TC18 (2.0%) than for MC18 (1.0%).
Probe Retention
The retention characteristics for each of the probes were similar on both
75
TC18 and MC18. On exposure to an acidic mobile phase, the retention times
of diphenhydramine-HCI, pentyl phenyl ketone, and benzo(a)pyrene decreased
as a function of time while the retention of uracil increased with time.
With TC18, there is only a small decrease in the retention times of
diphenhydramine-HCI, pentyl phenyl ketone, and benzo(a)pyrene (Fig. 16).
This is a result of loss of endcapping on TC18 which decreases the
hydrophobicity of the phase. Uracil, on the other hand, has a slightly longer
retention. This, too, is a result of loss of endcapping. This loss of material
causes a slight void to be formed at the head of the column. This void
increases the solvent void volume of the column.
The same retention characteristics are found with MC18 as with TC18.
The magnitude of the changes, however, is much greater when comparing
MC18 to TC18. The decrease in retention time for diphenhydramine-HCI,
pentyl phenyl ketone, and benzo(a)pyrene is a result of loss of endcapping and
C18 ligand (Fig. 20). The loss of ligand produced a huge void causing the
retention time of uracil to increase dramatically from 1.2 to 1.8 minutes.
When the mobile phase contains no TFA, retention times on both TC18
and MC18 change very little. Unfortunately, under these conditions
diphenhydramine-HCI is irreversibly bound. Basic compounds, such as
diphenhydramine-HCI, can be difficult to chromatograph on a silica based
column, even when extensively endcapped, due to residual silanols. However,
the presence of a counter ion (such as trifluoroacetate) can change the
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retention of basic compounds to give excellent chromatography (Fig. 15).
Therefore, a stable bonded phase under acidic conditions is very important in
the chromatography of basic compounds.
The Effect of Temperature on C18 Degradation
Temperature has only a slight effect on TC18 when exposed to an acidic
mobile phase and no measurable effect on TC18 if no acid is in the mobile
phase. The 29Si spectra (Fig. 9), 13C spectra (Fig. 13), and k' profiles (Fig. 15)
for TC18 undergoing degradation at 30°C and 50°C are practically identical. A
slight decrease at 13 ppm in the 29Si spectra is observed as a result of a slight
increase in loss of endcapping from the silica support. However, the carbon
levels for TC18 at different temperatures are the same, suggesting that the
difference in the amount of endcapping lost is within the level of accuracy for
the carbon measurements (± 0.1%C). A similar conclusion can be drawn by
examination of the 29Si data (Table 7).
Temperature has no measurable effect on the hydrolysis of MC18 when
the mobile phase contains no TFA (Figs. 18 A and D). But if the mobile phase
is acidic, temperature can affect MC18 stability. As seen in the 29Si spectra
(Fig. 6) and k' profile (Fig. 18), an increase in temperature decreases the
stability of MC18, especially with a mobile phase containing 0.25% TFA. This
increase in ligand loss at higher temperature is shown in the 29S; spectra of
MC18 by a greater increase at -101 ppm and a greater decrease at 13 ppm
when comparing MC18 at 30°C to MC18 at 50°C (Fig. 6). The greater loss in
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ligand (0.9%C) is also evident in the probe elution times for MC18 (Fig. 19).
The Effect of an Acidic Mobile Phase on C18
The addition of acid to the mobile phase affects the stability of both
MC18 and TC18, but not nearly to the same degree. With TC18, there is a loss
of endcapping as shown in the 29Si spectra by the increase in the number of
silanols (-92 ppm and -101 ppm) and a decrease in peak intensity at 13 ppm
(Fig. 9). This loss in endcapping is apparent in 13C spectra (Fig. 13), by the
decrease in intensity at 0 ppm. The significance of these results for TC18 is: 1)
small changes in TC18 occur upon the addition of acid. When increasing the
concentration from 0.25% TFA to 0.5% TFA, only a small increase in loss of
endcapping is observed. 2) Even after 100 hours of exposure to 0.5% TFA at
50°C, a measurable amount of endcapping remains. 3) The loss of carbon
(1.6%) was always less than the total amount of carbon added to TC18 by
endcapping (2.0%), Le., implying that no measurable amount of the trifunctional
C18 ligand is lost even under the most rigorous degradation conditions. This
result is confirmed by the GC analysis from the HPLC eluate of TC18 (run at
50°C with 0.5% TFA) (Fig. 27) where no ligand was detected..
MC18 degradation is greatly affected by the addition of any amount of
acid to the mobile phase. The 29Si spectra for MC18 shows a large increase in
the number of silanols present (-92 ppm and -101 ppm) and a huge decrease in
ligand content (13 ppm) upon the addition of acid to the mobile phase (Fig. 6).
A similar effect is observed in the 13C spectra (Table 12). However, the area at
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30 ppm (the C18 ligand) is used as a reference area to quantify the area at 0
ppm, any loss of ligand would change the relative peak areas at 30 ppm and 0
ppm. For this reason, 29Si spectra were relied upon for determination of ligand
loss. The significance of the MC18 results are: 1) just as with TC18, changes
in MC18 are more rapid upon the addition of any amount of acid. Increasing
the TFA concentration from 0.25% to 0.5% gives a small change as compared
to a TFA increase of 0.0% to 0.25%. 2) There is no measurable endcapping left
on MC18 after only eight hours of exposure to TFA. 3) The loss of carbon from
MC18 with an acidic mobile phase is always more than t.he amount of carbon
added byendcapping (1.0%), Le., endcapping and C18 ligand are lost from
MC18 upon exposure to any amount of acid in the mobile phase. This result
was confirmed by GC analysis of the HPLC eluate of MC18 (0.25% TFA, 30 0 C)
where peaks corresponding to the hydrolyzed MC18 ligand were detected (Fig.
28). The white precipitate collected from the HPLC eluate of MC18 was also a
result of the MC18 ligand being hydrolyzed. The acid catalyzed hydrolysis of
the MC18 ligand is shown in Equation 3.
.0
Si 'SiR
OH 2
H+ 7 (~
.. + 01 - S'OH H 0+ S'R - . + (3)Si" 'SiR - I + 2 - I - HO-SIR + H
The difference in stability between TC18 and MC18 is shown by the k'
values obtained under identical conditions. Figure 32 is a composite of Figures
15(F) and 18(F). MC18 is much less stable than TC18 to the point of being
':'
unsuitable for any HPLC analysis involving an acidic mobile phase.
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Figure 32 - Comparison of k' values for the test mixture on TC18 and MC18
(SOCC, 0.5% TFA).'
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The Role of Isocratic VS. Gradient Elution in the Stability of C18 Bonded
Phases
There are many examples in the literature on the degradation of bonded
phases by exposure to isocratic solvent conditions. For economic reasons,
mobile phases were usually recycled (isocratic). However, there are very few
examples of this type of study under gradient elution conditions. To study the
effect of elution conditions on the stability of C18, each bonded phase was
subjected to aggressive mobile phase conditions (0.5% TFA, 50°C) for the
same period of time using both gradient and isocratic elution. The average
mobile phase composition of the gradient analysis is 50/50 acetonitrile/water;
this same mobile phase composition was chosen (50/50) for the isocratic
elution. Figure 10 shows changes in the 29Si spectra of TC18 when gradient vs.
isocratic mobile phase systems are used. The 29Si profile with isocratic elution
is actually more like the original TC18 than the TC18 degraded by gradient
elution. The loss in endcapping using isocratic elution is about half that
compared to the endcapping loss during gradient elution.
The differences produced by changing elution profile are even more
dramatic with MC18. Three different·isocratic mobile phase compositions were
used to analyze MC18 (Fig. 7). Not only does the elution technique affect the
stability of MC18, but also affecting stability is the composition of the isocratic
mobile phase. As shown, the greatest amount of degradation with isocratic
elution occurred with a mobile phase of 100% water. It is interesting to note
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that with all the isocratic elutions, no precipitate appeared in the HPLC eluate.
However, after an analysis, each column was flushed with acetonitrile to remove
any TFA, prior to unpacking the column for further analysis. When this
procedure was done for the column containing the MC18 which was exposed
to the 100% water recycle conditions (0.5% TFA, 50°C), a white precipitate was
eluted off the column. This did not occur with the other columns, which were
recycled. This is in good agreement with the carbon levels of each recycle
sample since only the 100% H20 recycle sample had a carbon level lower
(10.3%) than the carbon level of the unendcapped monofunctional C18 (11.7%),
confirming that C18 ligand was lost in addition to endcapping during the
analysis.
As shown by changes in carbon level (Table 5 and 7) and 29Si spectra
(Figs. 7 and 10), the elution profile used to evaluate bonded phase stability is
important. Isocratic elution is not a good model to accurately predict the
stability of a bonded phase over the lifetime of a column with normal use.
Changes i'1 stability of a bonded phase using isocratic elution (especially
recycling) can, at best, be described as minimal compared to gradient elution.
In addition, the composition of the isocratic mobile phase used in such a study
can affect the rate of bonded phase degradation.
The Role of Mobile Phase Composition on Ligand Loss
As seen with the isocratic analysis (Table 5), the composition of the
mobile phase is itself a variable in the degradation of a bonded phase. The role
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which mobile phase composition plays can be explained by an idea set forth by
Glajch et al.17 They speculated that ligand loss occurs preferentially in mobile
phases with a low solvent content, while the organic ligand is eluted from the
column at higher organic solvent concentrations. Their work utilized C1 to C4
columns, which yielded hydrolysis products which were undetectable by their
method. In our work, the hydrolysis products are detectable in an unusual
manner. The silane used to prepare MC18, chlorodimethyloctadecylsilane, has
no UV absorbance at 254 nm. However, the melting point of this silane is
29°C. In our system, the short length of tubing between the heated column
(50°C) and the UV detector was long enough to cool the mobile phase to
below the melting point of the silane (29°C) prior to reaching the UV detection.
Instead of traditional LC "peaks" being detected, the degradation product
produced "spikes" as solid precipitate passed through the detector (Fig. 21).
Upon inspection of the clear plastic tubing at the detector outlet, narrow white
rods (some up to 1A inch in length) were observed. To detect when ligand loss
occurred, the LC integrator was programmed to record almost the entire (55
min) LC run. As seen in Figure 21, the results are dramatic. Actual ligand loss
occurs only with a mobile phase of 100% acetonitrile. Even when ligand loss is
extremely rapid, as the column re-equilibrated to 100% water as part of the
gradient cycle, not a single peak is ever detected, with the baseline staying
perfectly flat.
While there is no ligand elution with mobile phases other than 100%
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acetonitrile, that is not to say there is no ligand hydrolysis occurring. Referring
back to the isocratic degradation of MC18 with 100% H20 (0.5% TFA, 50°C),
ligand hydrolysis had occurred during the analysis, but no hydrolyzed ligand
was eluted from the column until the mobile phase was changed to 100%
acetonitrile. This is because at high concentrations of water, long alkyl chains
such as C18 tend to associate with themselves.38 Further, Scott et al.,38
suggest the possibility of a spacing arrangement where the chains are lying flat
upon the surface. This idea is supported by the results of the isocratic analysis.
With mobile phases containing high mounts of water (in our case 100% water),
the C18 ligand agglomerates, flat on the surface, exposing the silica/silane
bond to acid hydrolysis. No elution occurs until the organic content of the
mobile phase increases to the point where the hydrolyzed ligand can be eluted
from the remaining bound ligand, producing the white precipitate described
earlier.
At higher organic solvent concentrations (in our case 50% or 100%
acetonitrile (0.5% TFA, 50 0 e)), no ligand is hydrolyzed during isocratic elution
(fable 5). This is because there is no agglomeration of the ligands. The
resulting "brush-like" C18 ligands are shielded from acid hydrolysis by virtue of
their long carbon chain. As a result, only endcapping is lost. The effect of
shielding the silane/silica bond will also be discussed further as it relates to
endcapping.
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Identification of Column Leachate
By identifying the by-products which elute from the bonded phase during
usage, insight can be gained into the nature of the attached ligand and the
stability of that bonded phase. For both MC18 and TC18, the drop in carbon
levels (fables 4 and 7) suggest that endcapping and/or ligand is lost during the
degradation process. Unfortunately, the trimethylsilyl species eluted from the
bonded phases was not detectable by any of our methods. This compound
has no UV absorbance at 254 nm and was undetectable with an HPLC UV
absorbance detector. The endcapping agent can be detected by gas
chromatography. However, due to its low concentration in the mobile phase, it
could not be detected directly without sample concentration. When sample
concentration was attempted, the trimethylsilyl group was lost in the evaporation
step due to its high volatility. Therefore, for both MC18 and TC18, loss of
endcapping could only be determined indirectly with the use of solid state NMR
by quantifying the amount of endcapping still remaining on the bonded phase.
The precipitate eluting off MC18 was analyzed by solution NMR and GC.
The GC chromatogram of the HPLC precipitate (Fig. 29) and the original
chlorodimethyloctadecylsilane (Fig. 28) both have two peaks at approximately
12.2 minutes and 13.5 minutes. The chromatogram of the HPLC precipitate is
more complicated, with the appearance of additional peaks. There was no
access to a GC-MS for identification of these additional peaks, but the solution
NMR spectra of the precipitates did give additional information on peak
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identification.
The proton spectra of the chlorodimethyloctadecylsilane used to
synthesize MC18 (Fig. 30) has major peaks at 1.3 ppm and 0.4 ppm
corresponding to the 18 carbon alkyl chain and the two methyl groups
respectively. The proton spectra of the precipitate also has a strong
absorbance at approximately 1.3 ppm but no intensity at 0.4 ppm (Fig. 31).
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This is because the Si-CI bond is not stable in an aqueous solution and will
hydrolyze. The intensity at 0.1 ppm is probably due to the formation of
dimethyloctadecylsilanol (a similar downfield shift occurs when comparing tert.-
butyl chloride (1.6 ppm) to tert.-butyl alcohol (1.3 ppm)). This is in agreement
with Junk39 who also reported the presence of this product in the eluate of
some C18 solid phase extraction columns. The peak at 0.1 ppm, however, did
not appear in the proton spectra of all the precipitates. The peak at 0.0 ppm
did appear in all the proton spectra of the precipitates due to dimerization of
octadecyldimethylsilanol. This is in excellent agreement with Anthoni40 who
reported the formation of this dimer in the eluate from a C18 bonded phase
following chromatography with an acidic mobile phase. The peak assignments
given by Anthoni [0.05 ppm (S, CH3Si), 0.51 ppm (T, 2CH 2Si), 0.89 ppm (T,
2CH3C), 1.28 ppm (33 CH2)] match exactly with the peak positions shown in
Figure 27.
While the dimerization product was present in each precipitate, the
monomer was not. The presence of the monomer was not related to the
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temperature (30°C, 50°C) or the concentration of TFA (0.25%, 0.5%) used in
the analysis. The random presence of the monomer could be a result of slight
differences in storage conditions or the length of storage prior to analysis.
Endcapping
The silane used to synthesize a C18 bonded phase is rather large. This
bulkiness is a limiting factor in how closely adjacent ligands can be bound to
the surface. The spaces between two C18 ligands will be populated with
silanols. The presence of these silanols can cause poor chromatographic
separations, especially with basic compounds. It is usually desirable to reduce
or eliminate residual silanols. This has traditionally been accomplished by
endcapping the C18 bonded phase. The need to eliminate the effects of these
silanols is well accepted, however, the effectiveness of endcapping to achieve
this goal has been questioned. The drawback to endcapping is that the short
chained (C1) alkyl silanes have been shown to be unstable.
TC18
On endcapping, the carbon content of TC18 increased by 2.0% (Table
2). There are three populations of silanols which can react with the endcapping
agent. The usefulness and stability of each possible reaction will be discussed
individually.
The first type arises when the trifunctional silane coupling reaction
provides only two points of attachment (Fig. 1, T2and T3). The reaction of this
silane with the, endcapping agent can be detected with the use of 29Si NMR.
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The peak at -56 ppm corresponds to a TC18 ligand with a two bond attachment
and an unreacted silano!. On endcapping, the intensity of this peak decreases
(Fig. 8). Just as with surface silanols, not all of these silanols react with the
endcapping agent, thus, the peak at -56 ppm remains even after endcapping.
l"-
The endcapping of the silanol on the TC18 ligand appears to be particularly
stable. The intensity at -56 ppm after endcapping does not appreciably
increase throughout the entire degradation process (Fig. 6). The stability of this
linkage explains the higher carbon content (15.7%) in the degraded TC18
sample compared to the original unendcapped bonded phase (15.3%).
The second type of silanol, which is also unique to TC18, is the surface
silanol beneath the polymerized C18 ligand. Upon endcapping this silanol, the
intensity at 13 ppm increases with a corresponding decrease at -92 and -101
ppm. This change in the 29Si spectra can also be due to the 3rd type of silanol,
surface silanols with which the TC18 ligand was unable to react, due to steric
hindrance. The bond stability of the endcapping agent to the surface silanols
has been shown to be questionable, especially in the presence of acid. 21
However, a significant amount of endcapping groups remain on TC18
even after 100 hours of exposure to an acidic mobile phase (Fig. 6). This small
amount of endcapping remaining is most likely to be from endcapping of
silanols beneath the polymeric layer. The polymerized silane seems to stabilize
(shield) this bond. Because of this shielding, the presence of the small amount
of endcapping on the silica surface does not affect chromatographic
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performance (Fig. 17).
The endcapping of surface silanols which arise from the bulkiness of the
TC18 ligand has the greatest effect on chromatography. Unfortunately, this
bond is also the least stable of the three types of endcapping bonds. The
effect of endcapping on the k' value for benzo(a)pyrene (SaP) is shown in
Figure 23. Columns were packed with unendcapped TC18 and the test probes
chromatogramed by the experimental conditions listed in each figure. The
arrow indicates the k' value obtained from the nonendcapped TC18 column.
As shown, the chromatographic effectiveness of endcapping TC18 significantly
decreases within the first ten to twenty hours of exposure to an acidic mobile
phase. From the slope of k', the loss of endcapping is fairly rapid in the first
ten to twenty hours. This change in the first ten to twenty hours is due to the
hydrolysis of the unhindered surface endcapping groups. The now exposed
silanols affect chromatography just as the silanols on the unendcapped TC18
affect chromatography. Endcapping of the hindered silanols, beneath the
polymeric layer, account for the peak at 13 ppm in the 29Si spectra after long
exposure of TC18 to an acidic mobile phase. The endcapping remaining after
this time does not significantly contribute to chromatographic performance.
MC18
On endcapping, MC18 increases in carbon by 1.0% due to the reaction
of those silanols remaining after the first silylation. The effectiveness of
endcapping on MC18 (Fig. 24) is eliminated by the second hour (except for
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0.25% TFA, 30 0 C). This is consistent with the idea that stability of a
monofunctional silane decreases with carbon chain length. 21 Even though the
endcapping is lost very rapidly, it still does serve a purpose. Endcapping
decreases the rate of MC18 ligand loss. Figure 25 shows the k' values for the
four probes on columns packed with MC18, prior to endcapping and after
endcapping. The k' for the unendcapped material is always less than for the
endcapped material because MC18 ligand is lost more rapidly with the
unendcapped material. This was further proven by examination of the HPLC
eluate. As seen in Figure 26, the MC18 ligand is hydrolyzed much more quickly
when the derivatized bonded phase is not endcapped.
The endcapping increases the stability of MC18 by shielding its
silica/silane attachment. As the endcapping is hydrolyzed, the MC18 ligand is
now exposed to acid hydrolysis. Kirkland18 has reported the synthesis of a
highly stable C18 bonded phase, using an octadecyl di-isopropyl chlorosilane.
The isopropyl groups are much bulkier than methyl groups. The isopropyl
groups of the C18 ligand shield the silica/silane bond much the same way as
endcapping does. The shielding stabilizes the ligand, even though it is a
monofunctional silane.
CONCLUSION
Silica gel is a very stable support for chromatographic separations. Any
instability in a bonded phase is due to acid hydrolysis of the bonded ligand and
not the dissolution of the silica support.
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Monofunctional C18 bonded phases have been shown to be
unacceptable for chromatographic separations with an acidic mobile phase.
Monofunctional C18 bonded phases lose ligand readily upon the addition of an
acid modifier in the mobile phase. Temperature also increases the rate of
ligand loss with acidic conditions. Only under conditions of no acid in the
mobile phase was the monofunctional C18 stable.
Derivatizing silica gel with a trifunctional C18 silane leads to a polymeric
layer with a high degree of crosslinking above the surface of the silica.
Trifunctional C18 is unaffected by high temperature (50°C) or the presence of
acid in the mobile phase. Even after 100 hours of degradation, trifunctional C18
gives excellent chromatographic separations with baseline resolution and good
peak symmetry.
The elutiontechnique affects the stability of C18 bonded phases.
Isocratic elution does not provide a good model to judge stability of a bonded
phase whereas gradient elution gives a realistic model of stability. Ligand loss
is a dynamic process involving the hydrolysis of the ligand in a mobile phase
containing a high percentage of water. The hydrolyzed ligand is eluted only
with a mobile phase of high organic solvent content.
Trifunctional C18 leaches no detectable C18 ligand but monofunctional
C18 leaches a great deal of ligand with acidic mobile phases. The leachate
elutes off the monofunctional C18 as either dimethyloctadecylsilanol or the
corresponding dimer. While the silanol was sometimes present, the dimer was
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always present. The amount of each product produced in the HPLC eluate was
not a function of the temperature or TFA concentration of the mobile phase.
The purpose and stability of endcapping depends upon the C18 ligand
used to synthesize the bonded phase. With monofunctional C18, endcapping
increases the stability of the C18 ligand by shielding the silica/silane bond from
acid hydrolysis. Unendcapped monofunctional C18 lost ligand at a faster rate
than endcapped monofunctional C18 due to this shielding.
The role of endcapping is very different with trifunctional C18. Due to
crosslinking of neighboring C18 ligands above the surface, the bonded phase
surface is very complicated. The endcapping agent can bind to many different
types of silanols including: 1) Silanols on the TC18 ligand which produce a very
stable bond. 2) The endcapping agent can bind to surface silanols beneath the
C18 polymeric layer. This bond is also very stable but does not contribute to a
chromatographic separation. 3) The endcapping agent can bind to surface
silanols between the C18 ligands. This bond is the least stable and contributes
most to a chromatographic separation.
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